In tro duc tion Even the Die sel en gine re jects about two thirds of the heat en ergy of the fuel, one-third to the cool ant, and one third to the ex haust, leav ing only about one-third as use ful power out put. The o ret i cally if the heat re jected could be re duced, then the ther mal ef fi ciency would be improved, at least up to the limit set by the sec ond law of ther mo dy nam ics. Low heat re jec tion (LHR) en gines aim to do this by re duc ing the heat lost to the cool ant [1] .
In tro duc tion
Even the Die sel en gine re jects about two thirds of the heat en ergy of the fuel, one-third to the cool ant, and one third to the ex haust, leav ing only about one-third as use ful power out put. The o ret i cally if the heat re jected could be re duced, then the ther mal ef fi ciency would be improved, at least up to the limit set by the sec ond law of ther mo dy nam ics. Low heat re jec tion (LHR) en gines aim to do this by re duc ing the heat lost to the cool ant [1] .
The Die sel en gine with its com bus tion cham ber parts in su lated by ce ram ics is re ferred to as LHR en gine. The LHR en gine has been con ceived ba si cally to im prove fuel econ omy by elim i nat ing the con ven tional cool ing sys tem and con vert ing part of the in creased ex haust energy into shaft work us ing the turbo charged sys tem. Ther mal bar rier coat ings (TBC) in Die sel en gines lead to ad van tages in clud ing higher power den sity, fuel ef fi ciency, and multi fuel capac ity due to higher com bus tion cham ber tem per a ture (900 °C vs. 650 °C) [2, 3] . Us ing TBC can in crease en gine power by 8% de crease the spe cific fuel con sump tion by 15-20% and in crease the ex haust gas tem per a ture by 200 °C [4] . Thin layer ther mal bar rier coated en gine (CE) could im prove per for mance when a high pres sure in jec tor unit was used and they un der lined that a TBC of fered higher ef fi ciency by 5-6% com pared to the stan dard en gine. They also re port signif i cant im prove ment in fuel econ omy by in su lat ing the die sel com bus tion cham ber [5] .
The LHR en gine had lower ther mal ef fi ciency with higher smoke, particulates and CO emis sions com pared to that of stan dard cooled en gine [6] .
The TBC for Die sel en gine is ac cepted to im prove the en gine ther mal ef fi ciency and re duced emis sions as well as spe cific fuel con sump tion be cause of their abil ity to pro vide thermal in su la tion to the en gine com po nents. The gen er ally known prin ci ple that in creased op er ation tem per a tures in en ergy con ver sion sys tems lead to an in crease in ef fi ciency, fuel sav ings and re duced emis sions as par ti cles, CO, HC, and lim ited re duc tions of NO x have, over many decades pro moted R&D ac tiv i ties in the field of TBC de vel op ment [7] .
The Die sel en gine gen er ally of fers better fuel econ omy than its coun ter part petrol engine. Die sel en gines op er ated on biodiesel have lower emis sions of CO, un burned HC, par tic ulate mat ter, and air toxics than that of die sel fuel [8] .
The source for biodiesel pro duc tion is cho sen ac cord ing to the avail abil ity in each region or coun try [9] . In this ex per i men tal work, transesterification pro cess is used for pro duc ing biodiesel from the source veg e ta ble oil. Biodiesel pre pared from veg e ta ble oil af ter transesterification re ac tion shows a sim i lar per for mance to die sel at all load ing con di tions and can be used as al ter nate fuel to die sel with out any mod i fi ca tions in en gine de sign [10] . The direct use of veg e ta ble oils for both di rect and in di rect in jec tion type Die sel en gines is unsatisfactory due to their high vis cos i ties and low volatilities [11] . The die sel fuel can not be re placed totally by the veg e ta ble oils (in con ven tional Die sel en gines) be cause of the low cetane num ber, high ig ni tion tem per a ture, high viscositym, and in com plete com bus tion lead ing to in creased emis sions and de creased per for mance [12] . Vis cos ity is the ma jor prob lem for the bio-die sel which im poses lot of prob lems for en gine [13] . Transesterification pro cess re moves fatty ac ids in the form of glyc erol, thereby re duces the vis cos ity. Hence biodiesel can be used in com pression ig ni tion en gines with out any mod i fi ca tion.
In this work, ex per i ments were car ried out on a sin gle cyl in der four stroke di rect in jection (DI) Die sel en gine us ing annona methyl es ter (AME) and its blends with die sel. They have re ported that AME at 20% blend shows better per for mance and lower ex haust emis sion. They have also found that CO and HC, smoke emis sion re duced con sid er ably and NO x emis sion slightly in creased for the var i ous pro por tions of AME [14] .
An LHR com bus tion cham ber is one in which the heat re jected through the cool ant is min i mized by in su lat ing the parts like cyl in der liner, pis ton head, valves, and cyl in der head using ce ramic ma te ri als that pos sess the prop erty of low ther mal con duc tiv ity as well as low co effi cient of lin ear ex pan sion [15] [16] [17] [18] [19] [20] . The LHR en gines are clas si fied ac cord ing to their de gree of in su la tion into (a) ce ramic coated com bus tion cham ber (low grade LHR en gine), (b) air gap insu lated com bus tion cham ber (me dium grade LHR en gine), and (c) the com bi na tion of both (high grade LHR en gine) [21, 22] .
The pres ent work is fo cused on the performanc and emis sion char ac ter is tics of AME by us ing dif fer ent type's blends, to find its suit abil ity as a fuel in a ther mally in su lated CE with the mix ture of 88% of ZrO 2 , 4% of MgO, and 8% of Al 2 O 3 were in ves ti gated. The re sults are com pared with CE and un coat ed die sel en gines (BE). This type of com par a tive study has n't reported in the lit er a ture re view.
Ma te ri als and meth ods

Test fuel (cus tard ap ple)
Annona squamosa seeds were Sun dried for a week to the re quired dry weight and mois ture con tent and then the hard nuts of the seeds were re moved by phys i cally hit ting with a hard metal and the ker nel ob tained. The seeds for this study were col lected from rip ened fruit, and grinded us ing home-blender with out aprior dry ing pro cess.
Ex per i men tal set-up and test pro ce dure
The ex per i ments were con ducted on sin gle cyl in der, four stroke, wa ter cooled DI Die sel en gine us ing AME as a fuel.
The sche matic di a gram of the ex per i men tal set-up is shown in fig. 1 . The rated speed of the engine is 5.9 kW and op er ated speed at 1800 rpm. The spec i fi ca tions of the en gine were given in tab. 1. The pis ton and valves of the test en gine were pre pared for coat ing pro cess. The thick ness of coat ing layer on the pis ton and valves were 500 mm. Be fore coating was ap plied, the thick ness of pis ton and valves re duced to 500 mm. Fur ther, the pis ton and valves are coated with the 100 mm NiCrAl as lin ing layer. Af ter that, same parts are coated with 400 mm coating ma te rial which is the mix ture of 88% of ZrO 2 , 4% of MgO, and 8% of Al 2 O 3 .
Re sults and dis cus sion
En gine per for mance
Brake spe cific fuel con sump tion
The brake spe cific fuel con sump tion (BSFC) of var i ous biodiesel blends and die sel for CE and BE is shown in fig. 2 . It is ob served that the coat ing en gine op er a tion re sult is min imum the BSFC for all AME blends. Among differ ent biodiesels blends, A20 for CE showed min i mum BSFC than that of BE die sel en gine. The BSFC for A20 is CE is de creased by 11.73% when com pared to that of BE and Neat die sel. This is due to in crease in-cyl in der gas and wall tem per a tures be cause of its coat ing ma te rial.
Brake ther mal ef fi ciency
The brake ther mal ef fi ciency (BTE) of var i ous biodiesel blends and die sel for CE and BE en gine is shown in fig. 3 . Among dif fer ent biodiesel blends, A20 for CE showed better BTE than BE and Neat die sel fuel. The BTE for A20 in CE is in creased when com pared to that of BE and Neat die sel fuel. The main rea son for the in crease in BTE is in crease in cyl in der tem per a ture due to the coat ing ma te rial coated on the sur face of the com bus tion cham ber. It is be lieved that heat trans ferred through the com bus tion cham ber was de creased due to coat ing pro cess which re sults in in crease the in-cyl in der gas and wall tem per a ture.
Emis sion char ac ter is tics
Car bon mon ox ide emis sion
The CO emis sion of var i ous biodiesel blends and die sel for CE and BE is shown in fig.  4 . Among all biodiesel blends, A20 for CE has lower CO emis sion than that of Neat die sel and BE at all loads. It is ob served that, CO of A20 in CE is de creased by 35% when com pared to that of BE and stan dard Neat die sel. The rea son for re duc tion in CO emis sion is con sid ered to be the higher com bus tion tem per a ture which leads to higher tem per a ture val ues in the late com bustion phase that re sult in more CO ox i da tion.
Hy dro car bon emis sion
The HC emis sion of var i ous biodiesel blends and die sel for CE and BE is shown in fig.  5 . Among all biodiesel blends, A20 for CE has lower HC emis sion than that of Neat die sel and BE at all loads. It is ob served that HC of A20 CE is de creased by 36.11% when com pared to that of Neat die sel and BE.
Ox ides of ni tro gen emis sion
The vari a tion of NO x of var i ous blends and die sel for CE and BE is shown in fig. 6 . The first one is in-cyl in der com bus tion tem per a ture is ap prox i mately higher than 1600 °C, ni tro gen mol e cules be gin to take part in the re ac tion and thus pro duce NO x . The sec ond one is the re action time is enough for the pre vi ous state ments, and the high est NO x emis sion are re duced. For coat ing en gine, the NO x emis sions were increased in CE, for all the test fu els, due to the increased com bus tion tem per a ture.
Smoke
The smoke of var i ous biodiesel blends and die sel for CE and BE is shown in fig. 7 . Among the dif fer ent blends, A20 for CE showed much lower smoke emis sion than that of neat die sel and un coat ed en gine. It is ob served that A20 in CE is de creased by 39.16% when com pared to that of Neat die sel and BE. This is due to complete com bus tion.
Con clu sions
The main re sults ob tained from the ex per imen tal in ves ti ga tion for test fu els are sum marized. · The CE operation resulted in lower BSFC values for all the test fuels including petroleum based diesel fuel operation. This result related to the thermal efficiency of the engine increases with the CE. · CO and HC emissions were fairly reduced when substituting diesel fuel with biodiesel. Besides, CO emissions were considerably decreased and HC emissions were also generally decreased for both diesel and all biodiesel fuel blends in the CE. · The NO x emissions were also increased in CE, for all the test fuels, due to the increased combustion temperature. · Smoke values were decreased almost in proportion to biodiesel concentration in the blend.
Therefore it is concluded that 20% AME blended with the 80% of Neat diesel can be used as an alternate fuel in LHR engine without any modifications.
